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We report the temperature-dependent three-dimensional angle-resolved photoemission spectra of
the Kondo semiconductor SmB6. We found a difference in the temperature dependence of the peaks
at the X and Γ points, due to hybridization between the Sm 5d conduction band and the nearly
localized Sm 4f state. The peak intensity at the X point has the same temperature dependence
as the valence transition below 120 K, while that at the Γ point is consistent with the magnetic
excitation at Q = (0.5, 0.5, 0.5) below 30 K. This suggests that the hybridization with the valence
transition mainly occurs near the X point, and the initial state of the magnetic excitation is located
near the Γ point.
PACS numbers: 71.27.+a, 79.60.-i
Materials with strong electron correlation have exotic
physical properties that cannot be predicted from first-
principle band calculations. One example may be seen in
a semiconductor with a very small energy gap, which ap-
pears in rare-earth compounds such as the Kondo semi-
conductor/insulator (KI)1. At high temperatures, KI be-
haves like a dense Kondo metal, while an energy gap with
activation energy of several 10 meV appears at low tem-
perature. The energy gap is believed to originate from
hybridization between the nearly localized 4f state near
the Fermi level (EF ) and the conduction band (c-f hy-
bridization).
Numerous studies have investigated the energy gap
of KI, using optical conductivity2,3, point contact
spectroscopy4, angle-integrated photoemission spec-
troscopy5,6, and other methods. However, the momen-
tum dependence of the c-f hybridization gap, as well as
the relation of the electronic structure to other physi-
cal properties, has yet to be studied. Because the c-
f hybridization occurs at a specific momentum vector,
the most direct method of observing the band disper-
sion of the c-f hybridization gap is three-dimensional
angle-resolved photoemission spectroscopy (3D-ARPES)
using a tunable photon source from synchrotron radia-
tion. Thus, we applied the 3D-ARPES method to ob-
serve the c-f hybridization gap creation of a typical KI,
SmB6.
SmB6 is a valence-fluctuation material in between
Sm2+(4f6) and Sm3+(4f5) ions7. The electrical resis-
tivity (ρ) decreases on cooling, like a metal, above the
temperature of 100 K, but then reveals a semiconductor-
like character with activation energy of 15 meV8. There
are two characteristic temperatures on SmB6; one is va-
lence transition below 120 K, and the other is magnetic
excitation below 30 K. The mean valence changes from
2.57 at 120 K to 2.50 at 40 K on cooling9. Coinciden-
tally, the lattice constant, which normally shrinks above
120 K on cooling, anomalously expands from 120 K to a
few tens K indicating the valence change from Sm3+ to
Sm2+10. On the other hand, the magnetic excitation at
the scattering vector of Q = (0.5, 0.5, 0.5), observed by
inelastic neutron scattering (INS), rapidly increases be-
low 30 K11. Then the mean valence slightly recovers from
2.50 to 2.52 below 30 K, and the lattice constant shrinks
again. The reason for the different temperature depen-
dence between the magnetic excitation and the valence
transition has yet to be determined. At temperatures
lower than 10 K, another gap (in-gap state) has been
noted at about 4 meV through the observations of optical
conductivity3,12, point-contact spectroscopy4, and angle-
integrated photoemission spectroscopy5. Below 3 K, ρ
becomes saturated and has a residual resistivity of sev-
eral Ω·cm13. Recently, the residual resistivity has been
suggested to originate from metallic behavior at the edge
state on the surface [topological KI (TKI)]14 and other
reasons, but the relation of the electronic state to the
in-gap state, has never been investigated experimentally.
In this paper, we report the temperature dependence
of the dispersion curve of the hybridization state using
temperature-dependent 3D-ARPES, in order to deter-
mine the electronic structure and the reason for the dif-
ferent temperature dependence of the valence transition
and magnetic excitation. We found that the hybridiza-
tion band with a peak at the binding energy (EB) of
15 meV near the X point gradually appears on cooling
from 150 to 40 K, which has the same temperature de-
pendence as the valence transition. At the Γ point, on
the other hand, the peak at EB ∼20 meV has the same
temperature dependence as the magnetic excitation at
Q = (0.5, 0.5, 0.5), which differs from the 15-meV peak
at the X point. This suggests that the magnetic exci-
tation originates from the hybridization band at the Γ
point.
A high purity single crystal of SmB6 was grown by the
floating-zone method15. The sample cut along the (001)
plane was cleaned by argon sputtering and annealing at
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FIG. 1: (Color online) (a) Low energy electron diffraction
(LEED) pattern of the SmB6 (001) surface with the electron
energy of 100 eV. Spots marked by circles represent diffrac-
tions of 1 × 1; other spots represent 1 × 2 and higher order
diffractions. (b) The first Brillouin zone of SmB6 and high-
symmetry points. (c) The photon energies corresponding to
the Γ and X points in normal emission geometry and the M
point in grazing emission geometry. (d1)–(d3) ARPES inten-
sity mapping images and calculated band dispersions (solid
lines) on the M–X (hν=45.8 eV), X–Γ (70.0 eV), and R–M
(48.2 eV) lines at 10 K. The left-hand images in each panel are
the ARPES intensity mappings, which emphasize flat bands,
and the right-hand images are the same intensity mappings
but divided by angle-integrated photoemission spectra, which
emphasize highly dispersive bands.
1400 ◦C, by using an infrared heating system under a
vacuum of 10−8 Pa. The low-energy electron diffraction
(LEED) image of the clean surface is shown in Fig. 1(a).
The LEED image indicates that the SmB6 (001) surface
has not only 1 × 1 of the bulk but also a superlattice
structure of 2 × 1 of the surface, which is similar to the
previous result16.
Since the peak intensity of the 2×1 diffraction is about
half of that of the 1 × 1 diffraction and the background
is not higher than the previous result, the well-defined
surface state was obtained. However, the surface state is
mostly boron-terminated B6; i.e., the Sm atoms do not
appear as much on the surface. Therefore the surface
state derived from Sm is expected to be suppressed.
Normal-emission and in-plane ARPES experiments in
the vacuum-ultraviolet region were performed at beam-
lines 5U17 and 7U18, respectively, of the UVSOR-II stor-
age ring, Institute for Molecular Science. The photon
energies corresponding to high symmetry kz points, as
shown in Fig. 1(b) were determined by using normal
emission ARPES taken at BL5U (Fig. 1c). The inner
potential was determined as 13.5 eV. Using the obtained
high symmetry points, the temperature dependence of
high-resolution ARPES spectra at the Γ and X points
was measured at BL7U. The total energy resolutions were
about 50 meV at BL5U and 5 meV at BL7U, and the vac-
uum during the measurement was less than 5× 10−9 Pa.
LDA band structure calculation was performed by the
full potential linearized augmented plane wave plus lo-
cal orbital (LAPW+lo) method including spin-orbit cou-
pling implemented in the Wien2k code19.
Figures 1(d1)–1(d3) are the ARPES images of the M–
X, X–Γ, and R–M lines, taken at photon energies of 45.8,
70.0, and 48.2 eV, respectively, and the corresponding
band calculation results. The photon energies at the high
symmetry points are consistent with a previous work20.
The flat bands at the binding energies (EB) of 0, 0.2,
1, and 3 eV can be recognized as the multiplet struc-
tures of 6H5/2,
6H7/2,
6F , and 6P of Sm2+ final state,
respectively. There is another flat band at EB ∼1.5 eV,
which seems to originate from the surface state of Sm 4f ,
but the intensity is not great, because the surface is
terminated by boron atoms. The highly dispersive va-
lence bands at EB ≥1.4 eV and the conduction band at
EB ≤1.5 eV at the X point originate from the sp covalent
state of the B6 network and the Sm 5d state, respectively.
These higher-EB bands are in good agreement with the
band structure calculation with a hole-like band appear-
ing at EB ≥1 eV owing to kz-broadening. The intensities
of the Sm2+ final state multiplet 6H and 6F are greater
near the X point than those at the M point. This im-
plies that the hybridization occurs near the X point. The
band calculation in the right-hand images of Figs. 1(d1)
and 1(d2) also indicated that the hybridization gap opens
near the X point. It should be noted that, however,
the band calculation has much overstated Sm 4f band
widths and hybridization effects, the failure to describe
the mixed valency, and lack of final-state multiplet struc-
ture.
To investigate the c-f hybridization gap formation, we
measured the temperature dependence of the Sm 5d char-
acter of the hybridization gap (peak) in energy distribu-
tion curves (EDCs) at the X and Γ points, as shown in
Fig. 2. Because of the hybridization between the Sm 5d
and 4f states, the 4f feature must appear in the Sm 5d
EDC. Then we used low photon energies of 10.6 eV for
the X point and 26 eV for the Γ point, because the Sm 4f
cross section can be strongly suppressed by using lower
energy photons below 30 eV21. The temperature depen-
dence of EDCs obtained at the X and Γ points is shown
in Figs. 2(a1) and 2(a2). At 10 K, there are peaks at
EB ∼15 meV at the X point, and at 20 meV at the Γ
point. These peaks have different temperature depen-
dence. Figures 2(b1) and (b2) are the same spectra as in
Figs. 2(a1) and 2(a2), respectively, divided by the Fermi-
Dirac distribution curve. Clear energy gaps appear above
EF at both the X and Γ points. Because the EDCs orig-
inate from the Sm 5d states, the peaks at the gap edges
are evidence of the hybridization with the Sm 4f states.
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FIG. 2: (Color online) Temperature dependence of energy
distribution curves (EDCs) at the X point (hν = 10.6 eV, a1)
and the Γ point (26 eV, a2), and their spectra divided by the
Fermi-Dirac distribution curve (b1, b2). EDCs were normal-
ized at the binding energy EB of 120 meV. Successive curves
in b1 and b2 are offset by 0.3 and 0.4, respectively, for clarity.
The dotted lines in (b1) and (b2) are the spectra at 200 K.
The temperature-dependent peak intensities relative to the
intensity at 200 K of the 15-meV peak at the X point (c1)
and of the 20-meV peak at the Γ point (c2). The mean va-
lence number evaluated by the X-ray absorption spectroscopy
(XAS)9 and the peak intensity of the inelastic neutron scat-
tering (INS) at Q = (0.5, 0.5, 0.5)11, are also plotted.
At the X point, the peak becomes visible at 100 K and in-
creases on cooling. To clarify the relation of these peaks
to other physical properties, the temperature dependence
of the peak is plotted in Fig. 2(c1). The peak intensity
gradually increases below 150 K. The temperature depen-
dence of the peak is very similar to the valence transition
(2.57 at 120 K → 2.50 at 40 K) observed by using X-ray
absorption spectroscopy at the Sm L3 edge, as shown
in Fig. 2(c1)9. Therefore the temperature dependence
of the 15-meV peak at the X point indicates the change
in the hybridization intensity, i.e., the hybridization gap
opens near the X point. This is roughly consistent with
the LDA band calculation as shown in Fig. 1, in which
the hybridization between the Sm 5d conduction band
and 4f5/2 states appears near the X point, but the ex-
perimental 4f band width is much smaller than that in
the calculation. The discussion is done later. On cooling,
the hybridization becomes stable, and the mean valence
shifts to divalent.
At the Γ point, on the other hand, the temperature
dependence of the 18-meV peak is not the same as the
15-meV peak at the X point. The spectrum in Fig. 2(b2)
has no energy gap above 80 K. However, the energy
gap with the 18-meV peak rapidly appears below 40 K,
which differs from the temperature dependence of the
15-meV peak at the X point. In Fig. 2(c2), the tem-
perature dependence of the relative intensity of the 18-
meV peak is plotted, and its peak intensity has the same
temperature dependence as the magnetic excitation at
Q = (0.5, 0.5, 0.5) by INS11. The temperature depen-
dence of the 18-meV peak is consistent with that of the
magnetic excitation, suggesting that the 18-meV peak at
the Γ point (i.e., the hybridization band at the Γ point)
is the initial state of the magnetic excitation. The ap-
pearance of the charge and spin excitations at different
k-points is consistent with a mean-field theory based on
the periodic Anderson model22 and with the assumption
of the spin exciton theory23. Strictly speaking, however,
the peak energies of the magnetic excitations observed
by INS and the Raman scattering24 are about 14 and
16 meV, respectively, which is slightly lower energy than
the 18-meV EDC peak. This might indicate the property
of the spin exciton23 or there might be magnetic excita-
tions at higher energy region similar to that of other KI,
YbB12
26.
In the LSDA+U band calculation with Sm3+ ions25,
the energy level of the Sm3+5d state is close to that of
the 4f7/2 state near the Γ point. Then the hybridization
between these states would occur at the Γ point. Due
to the opposite logic of the hybridization in the Sm2+
ions at the X point, the hybridization in the Sm3+ ions
means that the mean valence shifts to trivalent. This is
consistent with the evidence of the increase in the mean
valence below 30 K9.
The creation of the hybridization gap is here described
in detail. The temperature-dependent ARPES spectra,
divided by the Fermi-Dirac distribution curve along the
X–M line, are plotted in Fig. 3(a). At T = 40 K in
Fig. 3(a), the k-dependence of the peak at EB = 15 meV
is almost flat. The band becomes dispersive below 20 K,
as shown in Fig. 3(b). At 10 K, the band dispersion is
very similar to that of the LDA band calculation, but
the energy of the peak at k(100) = 0.4 A˚
−1 is about
18 meV, which is much lower than the calculated result
of 70 meV. The width of the experimental 4f band dis-
persion is about 3 meV, which is also much smaller than
that of the calculation (∼50 meV). This suggests that
the 4f band is strongly renormalized by the strong elec-
tron correlation. Note that the band dispersion near the
Γ point shown in Fig. 3(c) is almost flat, and is also lo-
cated at much lower energy than that in the LDA calcu-
lation (EB ∼ 0.3 eV), as shown in Fig. 1(d2), indicating
a stronger localization at the Γ point than that at the
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FIG. 3: (Color online) (a) Temperature dependence of en-
ergy distribution curves (EDCs) divided by the Fermi-Dirac
distribution curve in the X (0 A˚−1)–M (0.76 A˚−1) line, using
10.6-eV photon energy. The hybridization band dispersions
are shown by open circles, and the observed dispersive in-
gap state is shown by vertical lines. Insets show the second
derivative curves of smoothed EDCs at k(100) = 0.25A˚
−1
.
The marks correspond to the band dispersions. Tempera-
ture dependence of the hybridization band in the X–M line
(hν = 10.6 eV, b) and the Γ–X line (hν = 26.0 eV, c). The
band dispersion derived from the LDA calculation (Fig. 1d1)
with the energy scale in the right axis is also plotted by a
solid line in (b).
X point. This is consistent with the argument in Fig. 2;
i.e., the hybridization gap opens near the X point, while
the initial state of the magnetic excitation is the Γ point.
The peak energy at the X point is about 15 meV, which
is roughly consistent with the valence transition temper-
ature of 120 K (∼10 meV). However the peak energy
of 20 meV at the Γ point is much higher energy than
the appearance temperature of the magnetic excitation
(50 K ∼ 4 meV). This also suggests that the magnetic
excitation is strongly correlated.
At T = 10 K, another band dispersion, with an
electron-like dispersion at k ∼0.25 A˚−1 and a hole-like
one at k ∼0 A˚−1, seems to appear at EB ∼8 meV, as
shown by vertical lines in Fig. 3(a). The dispersion curve
of the in-gap state is very similar to the strong coupled
TKI27,28. The detailed discussion is presented in a sep-
arated paper29. To summarize, we have investigated the
momentum-dependent hybridization state between the
conduction band and 4f states of SmB6 by using a three-
dimensional angle-resolved photoemission spectroscopy.
The temperature dependence of the energy distribution
curves suggests that the hybridization state at the bind-
ing energy of 15 meV near the X point is the origin of the
valence transition below 120 K, while that at 20 meV at
the Γ point is the initial state of the magnetic excitation
at Q = (0.5, 0.5, 0.5) with strong electron correlation.
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